Abstract: Significant loss of life and damage to properties, ecosystems and marine facilities occur due to various natural hazards such as cyclones and tsunamis. Royal HaskoningDHV has developed regional hydrodynamic and wave models covering the Northern Arabian Sea to address these issues. Cyclone modelling was carried out on 11 major cyclones since 1945 and the tsunami modelling on an earthquake along the Makran Fault Line in 1945. Sample results from these modelling studies are presented in this paper. The methodology described in this article for modelling cyclones and tsunamis in the Arabian Sea could be applied to simulate these natural hazards at other sites around the world.
Introduction


Various natural hazards such as cyclones and tsunamis impose significant risks during construction and operation of sea ports, oil terminals & jetties, offshore exploratory drilling rigs and offshore oil extraction rigs. Furthermore, these natural hazards put lives and properties in coastal areas at greater risks. Significant loss of life, damage to properties, ecosystems and marine facilities occur due to these natural hazards.
A large tidal hydrodynamic model is required to simulate cyclone surge and tsunami heights on a region whereas a large wave model is required to simulate cyclone waves.
Royal HaskoningDHV has developed regional hydrodynamic and wave models covering the Northern Arabian Sea to investigate these natural hazards and support their project work in Oman. The models have been used to assess cyclones and tsunamis within the Arabian Sea. Cyclone modelling has concentrated on 11 major cyclones since 1945 and the tsunami modelling on an earthquake along the Makran Fault Line in 1945. Sample results from these modelling studies are presented in this paper for illustration purposes only.
The methodology described for modelling cyclones and tsunamis in the Arabian Sea could be applied to simulate these natural hazards at other sites around the world.
Hydrodynamic Modelling
The Model
Royal
HaskoningDHV has developed a 2-dimensional Regional Tidal Hydrodynamic Model for the Northern Arabian Sea using the MIKE21/3 Flow Model FM software of DHI [1] . The model is based on the numerical solution of the two/three-dimensional incompressible Reynolds averaged Navier-Stokes equations invoking the assumptions of Boussinesq and of hydrostatic pressure. The regional model covers the coastlines of six countries i.e. Yemen, Oman, UAE, Iran, Pakistan and India (see Fig. 1 ). The model can be used in its own right to simulate tidal movements and surges within the Northern Arabian Sea as well as "building block" to drive a wide range of other models such as cyclone, tsunami, oil spill, water quality, sediment transport and morphological models. The model was used to drive the cyclone and tsunami models as described in the following sections.
Methodology
The model was set up in such a way that with a finer local mesh and more detailed bathymetry and land boundary data within a specified area, localised water movement can be accurately modelled at a point of interest without the need of introducing nested models. With this unstructured flexible mesh, it is easy to refine the mesh into an area of interest.
The model bathymetry is shown in Fig. 1 and was obtained from the C-Map Global Database [2] . The model has two open boundaries-one to the south and the other to the north-west. The model was driven by tide levels at these two boundaries obtained from the Global Tidal Model Database available within the MIKE21 Toolbox [3] .
Model Applications
The tidal hydrodynamic model has been used to assess cyclone surge and tsunami heights within the region.
Cyclone Modelling
The Model
Royal
HaskoningDHV has developed a 2-dimensional Regional Cyclone Model for the Northern Arabian Sea using the MIKE21/3 software. The cyclone model can be used to simulate both waves and surges for cyclones passing through the Northern Arabian Sea. The MIKE21 SW (Spectral Wave) Model was used to simulate the cyclone waves [4] and the MIKE21/3 Flow Model FM to simulate the cyclone surge [1] . The fully spectral formulation of the SW model is based on the wave action conservation equation, where the directional-frequency wave action spectrum is the dependent variable.
Methodology
Cyclones occur frequently in the Arabian Sea and can affect the Northern Arabian Sea Region. In particular, the passage of Cyclone Gonu (in 2007) and Cyclone Phet (in 2010) into the Gulf of Oman has raised awareness of the risk of events affecting the Omani coastline north of Ras Al Hadd. Since 1945 a total of 28 cyclones were initially identified to have crossed the Arabian Sea and affected the Omani coastline. A total of 11 cyclones were finally selected from the pool of 28 based on a combination of severity (wind speed and, central pressure and diameter) and the proximity to the site of interest. These 11 cyclones were simulated in the study. Tracks and pressure fields of the selected cyclones were obtained from the Joint Typhoon Warning Centre, USA [5] . The MIKE21 Toolbox [3] was used to derive wind and pressure fields (as shown in Figs. 2 and 3) from the cyclone tracks and central pressures. The tool allows users to compute wind and pressure data due to tropical cyclone (hurricane or typhoon). All the parameters required by the Young and Sobey (1981) [3] model were available for the study and this was, therefore, used to generate the cyclonic wind and pressure fields. The cyclone model was driven by these wind and pressure fields.
Model Validation
Wave heights, periods and directions were extracted from model results at selected locations and were compared to those obtained from various sources to validate the model and thereby to improve confidence in model prediction.
Comparison for Cyclone Gonu (2007)
There are limited data to validate the cyclone modelling. Most of the available information was for Cyclone Gonu (2007) and therefore the model validation was focused primarily on this cyclone. Table 1 compares the model prediction with those observed by the Oman Meteorological Office [6] and the WMO (World Meteorological Organisation) [7] .
The modelled wave heights at Chabahar and in the Gulf of Oman compared well with those reported by World Meteorological Organisation [7] . However, the modelled wave heights in the Arabian Sea are higher than those reported by WMO [7] . Similarly, the modelled wave heights in the Arabian Sea are higher than those reported by the Omani Meteorological Office 
Locations
Maximum significant wave heights World Meteorological Organisation [7] Oman Met Office [6] Present [6] , however, the range of significant wave heights provided by the Omani Meteorological Office [6] is rather wide (6-12 m). Maximum significant wave heights of over 11 m in the Arabian Sea were reported by WMO [7] . On the other hand, maximum wave height of up to 15 m was found in the present study. It should be noted that wave conditions at Chabahar by WMO [7] were measured using ADCP. Although there are some differences in wave heights reported by other organisations, it is concluded that there is reasonable agreement in the pattern and magnitude of waves (particularly in the coastal zone).
Comparison for Cyclone Phet (2010)
Some information was also obtained on Cyclone Phet (2010) from literature search. Table 2 compares the model prediction with those provided by the Oman Meteorological Office [6] .
The modelled wave heights in the Gulf of Oman are similar to those reported by the Omani Meteorological Office [6] . However, in the Arabian Sea the modelled wave heights are significantly higher than those reported by the Omani Meteorological Office [6] .
Model Results
All 11 cyclones selected were simulated in the study and it was found that the Cyclone Phet (2010) was one of the most severe events. Only the model results from Cyclone Phet (2010) are presented to limit the length of the paper. Fig. 4 shows the maximum significant waves heights and 
Tsunami Modelling
The Model
Royal
HaskoningDHV has developed a 2-dimensional Regional Tsunami Model for the Northern Arabian Sea using the MIKE21/3 Flow Model FM software. The model can be used to simulate the propagation of tsunami waves and to predict their height and forward velocity within the Northern Arabian Sea region.
Methodology
The 1945 Balochistan Earthquake in Pakistan occurred at 5:26 PST on 28 November 1945 with a magnitude of 8.1. The earthquake's epicentre was 97.6 km south-southwest of Pasni in Balochistan (Pakistan) and the resulting tsunami caused damage along the Makran coastal region. Deaths from the event were reported to be as many as 4,000 people. Furthermore, the tsunami caused catastrophic damage to properties and other coastal facilities. The model has been used to simulate the propagation of the tsunami following 
Model Validation
Water levels predicted by Heiderzadeh et al. [8] are available at locations near Pasni (Pakistan) and Muscat (Oman) for the 1945 earthquake in the Makran Fault Line as shown in Fig. 7 . The findings from Heiderzadeh et al. [8] study are given below:
The Iranian-Pakistani coastline to the north of the Makran Fault Line in particular near Pasni was severely The findings from the Heiderzadeh et al. [8] study and the present study are summarised in Table 3. A good agreement was found both in the pattern and the magnitude of the sea surface rise near Pasni and Muscat between the Heiderzadeh et al. [8] study and the present study. Therefore, it is concluded that the present model is capable of predicting the sea surface rise with an acceptable level of confidence.
Model Results
The propagation of tsunami waves over time was extracted from model results as illustrated in Fig. 10 . The model results indicate that it will take approximately 15 minutes for the tsunami to reach Pasni, less than 30 minutes to reach Muscat and less than one hour to reach Masirah Island. Fig. 11 illustrates the maximum sea surface elevation during the entire passage of the tsunami. The coastal areas north of the Makran Fault Line are the worst affected due to their close proximity to the fault. A rise in water level of 4.3 m was found at Pasni and 0.22 m at Muscat. The maximum current speeds during the entire duration of the tsunami are shown in Fig. 12 . Again, the coastal areas north of the Makran Fault Line are the worst with maximum current speeds up to 3.2 m/s predicted.
Application of Modelling Results
The results from the cyclone and tsunami models provide valuable information at all stages of a project including planning, design, environmental impact assessment, construction, operation, and de-commissioning. The model results can also be used in emergency planning and decision-making to estimate potential loss of life, damage to properties and marine facilities and to develop mitigation measures and plan clean-up operations.
The regional tidal hydrodynamic model can be used to simulate tidal movements and surges as well as to drive a wide range of other models such as cyclone,
